Abstract-Free-electron laser beam quality is defined as the ratio of the current density to the relative axial energy spread. The approach to obtaining high-quality electron beams in some representative accelerators is examined and compared to the beam brightness. Beam quality is found to be a decreasing function of beam current, unless axial current compression (i.e., subbarmonic bunching) or high current density cathodes are used. Effects due to magnetic perturbations are enhanced at high beam density.
I. INTRODUCTION HE free-electron laser (FEL) concept differs from other free-electron coherent radiation sources in a very important aspect. The FEL does not require a slow wave structure or waveguide. The first experimental demonstration of this mechanism was by Phillips [l] in 1960. As a result, the radiation has been scaled to the infrared [2] and visible [3] wavelengths by using high-energy electron beams. Since the waves in the FEL are not supported by slow wave structures and the lasing media (the electron beam) does not have the material breakdown limitations of other lasers, the FEL is capable of very high power operation at short wavelengths.
The primary limitation in scaling of the free-electron laser to high powers at short wavelengths is the beam quality. However, there is no quantitative definition of beam quality. In this paper, we propose a quantitative beam quality definition and discuss its advantages and limitations. We will examine the beam quality of some representative electron sources.
BEAM QUALITY-A DEFINITION
A key asset of the FEL is the wavelength scaling with beam kinetic energy. However, the two most critical beam parameters in the quality of an FEL interaction are the beam density and effective beam temperature. In general, the gain and efficiency are increasing functions of density, but decrease with beam temperature. The beam density and temperature are independent parameters in FEL theory. However, their relation comes from the electron source. In any particular accelerator, it is generally found that an increase in beam density results in an increase in beam temperature. Hence, the constraint on linear FEL scaling comes primarily from the accelerator. This becomes critical when considering the design of new accel- Manuscript received December 12, 1984; revised February 6, 1985 . This paper was processed entirely by Dr. V. L. Granatstein. Co-Guest Editor with Dr. Roberson of this Special Issue. Dr. Granatstein was responsible for soliciting the reviews and making the publication decision regarding this paper.
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erators and trying to predict the FEL operation. What is suggested in this paper is a simple, measurable, quantitative definition of beam quality which is useful for accelerator and FEL designers. Let us consider the normalized emittance.
where E , is the unnormalized emittance and is the ratio of the beam velocity to the velocity of light, y is the relativistic factor l d m , r is the beam radius, and ( 9 ) is the ratio of the perpendicular beam velocity to the parallel velocity. The brackets around 8 mean an average is to be taken. The emittance is a result of a velocity component perpendicular to the direction of the beam. The corresponding change in yi can be calculated and related to the normalized emittance. From conservation of energy,
then APf -2/3A/3, + 0
and From the definition of yz, we have Combining (l), (4), and ( 3 , and assuming Pz G / 3 and yz G y, we find where the subscript E has been used to indicate that the spread in parallel energy is a result of the emittance. The normalized beam brightness is related to the emittance by [4] where I is the beam current. Combining (6) and (7), the normalized brightness due to emittance is
where we have taken I l r r 2 to be the current density J .
U.S. Government work not protected by U.S. copyright There are other sources of energy spread in the FEL, such as the self fields of the beam and betatron oscillations. Since the average value of the wiggler magnetic field necessarily increases away from the beam axis, the spatial gradients in the wiggler field will give an effective energy spread for any finite diameter beam.
Let us define the beam quality to be
Equation (9) differs from (8) in that we have dropped the subscript E which indicated that the energy spread came from the emittance. AyJy is now the total relative energy spread. The 27r in (8) has been dropped, and we now define the beam quality to be the current density divided by the fractional momentum or energy spread from all sources at a particular time. In the limit that the energy spread is dominated by emittance, the beam quality reduces to the brightness (except for the factor of 27r).
Ayzh'
111. BEAM BRIGHTNESS AND BEAM QUALITY Recently there has been an increasing consideration of beam brightness [5]- [7] with regard to FEL operation. In this section,. we will discuss some representative accelerators with regard to beam quality and brightness. Table I contains the parameters of some accelerators in which the cathode is not immersed in an axial magnetic field. Table  I1 contains results in which the cathode is immersed in a magnetic field. The field-immersed accelerators are, in general, diodes driven by a pulse line. Fig. 1 is a plot of beam brightness versus current density. The dashed line in the figure is the brightness used in an empirical emittance versus current relation that was known as the Lawson-Penner relation. This brightness is clearly exceeded by many orders of magnitude in these accelerators which have concentrated their efforts on making high-current, cold electron beams.
There are two other lines on the graph. One line has a slope that is inversely proportional to current density. The other line has a slope that is proportional to the current density. The value of beam brightness in accelerators with nonimmersed diodes decreases with beam density. There are three notable exceptions. The RF LINAC used in the Los Alamos amplifier experiment focused the beam to a radius of 0.05 cm in the wiggler. This resulted in an estimated current density of 1 kA/cm2. The two points labeled rfL (SB) are the RF LINAC'S at Boeing/MSNW and Osaka [SI University that use the technique of subharmonic bunching. This technique causes an axial compression of beam density, resulting in high peak currents. This technique has recently been incorporated into the LANL RF LINAC also.
There are three experimental points of beam brightness for the field-immersed diodes. The beam brightness increases with current density for the field-immersed diodes. From Table 11 , we see that the quoted values of the ratio of perpendicular-to-parallel velocities is approximately the same in all cases; hence, the relative energy spreads are approximately the same. However, the current density increases by two and a half orders of magnitude. One thing these three field-immersed diodes have in common is a strong magnetic field. The ratio of the beam plasma frequency to electron cyclotron frequency for the field-immersed beams is listed in Table 11 . Although there are orders of magnitude differences in the beam density, this ratio changes very little. The magnetic field can serve many functions. It prevents space charge blowup, it can stabilize filamentation instabilities, and it makes the beam "stiff" to perturbations.
The effect of a high current density of beam brightness has been investigated in two ways, via computer simulations [9] and a calculation of the effect of a magnetic perturbation on the beam envelope. The beam envelope calculation will be discussed in the Appendix. Some of the computer simulation results are listed in Table 11 . In the best simulation case the beam brightness is 1.4 X lo7 A/ cm2. The ratio of the perpendicular to parallel velocity in this case is 2.5 X about the same as reported in the M.I.T. nonimmersed diode case [7] . The big difference between this and the M.I.T. case is the current density, over 4 kA/cm2 in the field-immersed as compared to 50
A/cm2 in the nonimmersed case. There are two other points that can be made from the simulation results. A decrease of a factor of 2 in the magnetic field resulted in nearly two orders of magnitude decrease in the beam brightness. Decreasing the anode taper instead of the magnetic field resulted in an order of magnitude decrease in the brightness. The brightness is sensitive to both the magnitude of the magnetic field and the electric field gradients in the diode. 'Sloan and Thompson conclude that the best beam brightness results from a gently shaped anode and cathode structures which create electric fields whose radial components have axial gradient lengths long compared to the inverse cyclotron wave number. Fig. 2 is a plot of the estimated FEL beam quality versus current. These data include the energy spread due to emittance as well as beam space charge. The energy spread from the beam space charge is This is not a true beam thermal energy.
A simple estimate of the energy spread (assuming no resonance effects, small wiggler amplitude, and pencil beams) due to magnetic gradients in wiggler is approximately
In both of these cases, the energy spread is produced by a shear in the axial beam velocity. The pondermotivei space-charge waves average over this shear and respond as if the beam had an effective temperature.
There are, of course, other effects that can contribute to the beam energy spread. For example, a mismatch of the beam at the entrance of the wiggler may cause betatron oscillations which phase mix and appear as an effective temperature to the pondermotive/space-charge waves. This effect is most important in the limit of a large axial magnetic field (small betatron wavelengths) and high current. The variation in y resulting from the self-potential can cause phase mixing of betatron oscillations in a distance small compared to the wiggler length in this limit.
The beam quality estimates have been obtained by adding the magnitudes of the individual contributions to the relative energy spread. This gives a lower bound on the beam quality. The beam quality may be higher if, for example, the contributions to the energy spread are statistically independent. Then the effective energy spread is the square root of the sum of the squares. In the Brillouin flow case, the change in axial energy due to perpendicular component of the axis encircling orbits is compensated for by the change in the axial ehergy due to space charge. This could result in a significantly high beam quality.
In Fig. 2 , we see that the beam quality for accelerators with nonimmersed diodes decreases with current, ,except where current compression via subharmonic bunching is used. The beam quality of the high current beams tends to be dominated by the energy spread due to space charge. In the limit that the beam quality is domihated by space charge, the beam quality is B , = Z,/A where Z , = 17 000 0 (y -1). The horizontal line is included for reference only. This is the beam quality one would have as a function of current if the space charge were the dominant contribution and P(y -1)lA were equal to 0.23 cmF2. Three of the experiments approach this line. They all have a similar cross-sectional area; are all plasma-cold cathodes. One of the experiments is a field-immersed diode., That the beam quality scales as the cross-sectional area is a reflection of the characteristic nature of the energy spread due to space charge. One can improve the beam quality when it. is dominated by space-charge depression by decreasing the beam cross section. For example, a factor of 10 reduction in the radius of the ARA beam (see Table 11 ) by aperaturing the beam would result in two orders of magnitude improvement in beam quality. The results would be similar to the Coiumbia [ l l ] data point. This similarity is because the current densities are comparable in the two experiments. The beam quality can also be improved by compressing the beam, as was done in the ARA experiment. The magnetic field was increased from 6;6 to 25 kG. This improves the beam quality a factor of 4 without losing current. There is clearly an advantage to high current density cathodes for field-immersed diodes, as the NRL and LANL experiments listed in Table I1 show. From Table I, we see that the brightness of the M.I.T. experiment is very good. However, the effective beam quality is relatively low because the beam radius is large.
A reduction in radius either by focusing or aperaturing could significantly improve the quality.
There is one result that appears on the beam quality plot that does not appear on the beam brightness plot. There are two data points from the experiment at Columbia [ 111.
The highest data point is when the beam quality is dominated by space charge (the emittance contribution is small). The lowest beam quality point includes both space charge and energy spread due to the wiggler. These data points are measured in situ by Thomson scattering [12] . This diagnostic can measure the individual components of the beam quality independently in a nonperturbing way. Thomson scattering is a diagnostic that can be used in both linear and cyclic beams. It represents a potential "ideal diagonistic" of beam quality for both the linear and/ or nonlinear phases of the FEL interaction. where 0, is the ratio of the perpendicular velocity due to the wiggler, divided by the speed of light, kw is the wiggler wave number, and L is the interaction length.
IV. BEAM QUALITY
In both the Raman and strong pump regimes, beam energy spread is required to be small compared to the difference between the phase velocity of the pondermotive wave and the beam velocity 1151. The density dependence on this "cold beam requirement" comes from the pondermotive/space-charge wave dispersion relation.
In the low-gain Compton regime, the collective fields do not play a role in the interaction, and the cold beam requirement is independent of density. The cold beam requirement in this case is that "thermal" beam electrons travel a distance small compared to pondermotive wavelength (in the beam frame) in the interaction distance L.
The examples of how beam quality appears in the FEL interaction have been limited to the requirements that the beam appear as cold to pondermotive/space-charge wave. If the beam is cold from this point of view, a further decrease in the effective beam temperature and the resulting improvement in beam quality will not improve the FEL output for those parameters. However, one may be able to operate the FEL at shorter wavelengths in the Raman regime or make a longer Compton FEL with higher gain if the beam quality is improved. For a cold beam, the radiation amplitude is proportional to the wiggler and perturbed beam density. However, the perturbed beam density is proportional to the beam density and pondermotive potential [ 151. Hence, in the cold beam limit, the current density is the dominant factor in the beam quality for producing large radiation fields at a given pump amplitude.
Another way the beam quality can enter into the FEL interaction is through the radial profile of the electron and radiation beams. To make effective use of the beam electrons, the electron beam should be focused to a radius equal to or less than the waist of the radiation field [16] . The electron beam waist, however, is determined by the electron beam quality.
Another approach to obtaining very short wavelength free-electron lasers takes advantage of the refraction properties of a bunched electron beam. The beam bunching resulting from an FEL interaction can cause an effective index of refraction greater than unity [ 171. This has led to considerations of optical guiding and focusing VUV radiation with the electron beam. One can conceivably employ very long wigglers to obtain high-gain short-wavelength FEL's this way. As an example of the kind of beam quality in such a VUV FEL, consider the parameters used in a recent computer simulation of an optically guided FEL [18] . The beam current was 270 A, with a radius of 0.01 cm. The kinetic energy was 1 GeV, with a fractional energy spread of 1.2 X IO-'. The resulting beam quality was 7.2 X 10' A/cm2, about two orders of magnitude better than the best results shown in Fig. 2 .
If an FEL is operated in the warm beam limit, an improvement in the energy spread has a far more significant effect than an increase in beam 'density [ 191. In every case, it appears that an improvement in the beam quality will result in an improvement in the FEL interaction. This improvement will be realized in an increased output power or more efficient operation shorter wavelengths.
V. DISCUSSION The suitability of an electron beam to drive a free-electron laser will, in general, depend on the application. Some applications require short wavelengths. Since wiggler wavelengths are generally limited to about 1 cm, high kinetic energies are required. When high peak powers are of principal interest, short pulses are sufficient. If a large number of joules are needed, high currents and long pulses may be required. In all cases, it appears that one would like a beam whose kinetic energy does not vary with time. No single parameter seems appropriate as a measure of how good an electron beam is for all cases. The beam quality used in this paper is from the point of view of the pondermotive/space-charge wave.
The emphasis is on the parallel energy spread which gives an effective parallel beam temperature, which is critical in the FEL interaction. The emittance, which is often taken as the measure of beam quality, gives an effective perpendicular beam temperature. It can be interpreted as a transverse pressure gradient tending to disperse the beam. The emittance can be related to the parallel energy spread through the conservation of energy. However, selffield effects, such as the parallel energy spread due to the space-charge potential, are not contained in the more conventional emittance concept. As we have seen in some cases, this effect dominates the beam quality.
The beam brightness is a better indication of beam quality for the FEL interaction than the emittance because it includes the beam current. Using conservation of energy, the brightness can be written as the ratio of the current density to the relative parallel energy spread due to emittance. Hence, the brightness contains critical parameters for the FEL interaction-the density and relative parallel energy spread. The FEL beam quality then is an extrapolation of beam brightness to include parallel energy spreads that do not necessarily result from a change in the perpendicular beam velocity. The FEL beam quality is a measurable parameter, as was demonstrated by the Columbia University experiment.
We have examined the beam quality of a number of accelerators. The beam quality is, in general, a decreasing function of the current.
There are two approaches to improving the beam quality that are clear from the data.
Subharmonic bunching compresses the beam current axially without increasing the transverse velocity (emittance). Peak currents in the 0.1-3.0 kA range, with good beam quality, have been obtained this way. The other approach comes from the use of very high current density cathodes (1 kA/cm2). These high current density cathodes have been used with axial magnetic fields at the diode to prevent space-charge blowup. When the magnetic field is sufficiently strong, the beam becomes "stiff," and very low-emittance, high-current beams can be produced.
Subharmonic bunching is a promising technique for high peak power free-electron lasers. However, direct measurements of the axial energy spread as a result of the bunching have not been carried out. Improvements in high current density cathodes and high-current accelerators appear promising for high energy (joules) requirements.
References have been given for the data in the tables and figures. The quality of the data appears to vary considerably. In some cases, it may appear that beam quality is low because very little effort was focused on optimizing a particular parameter, such as current density. This is a point that emphasizes the need for a measurable beam quality definition. What has been suggested here is a quantitative, measurable definition of FEL beam quality that is independent of any particular FEL operating regime, yet consistent with efficient FEL operation. In fact, the beam quality used in this paper is consistent with any radiation mechanism that relies on the coherent axial bunching of the electron beam. For sources such as gyrotrons that rely on azimuthal bunching, the appropriate definition would be to use the perpendicular component of current and relative azimuthal energy spread.
APPENDIX
In Table 11 , the parameter wilyQ2 is listed. In all the field-immersed diode experiments, this parameter was about 1 percent. In the computer simulations of field-immersed diodes, a factor of 2 change in the magnetic field resulted in nearly two orders of magnitude change in beam brightness. In this Appendix, we make some estimate of the beam density on the response of a beam to a magnetic perturbation.
To estimate the effect of current density, consider the envelope equation Let E be a step function such that
Then solving for x and requiring continuity at z = 0, L gives the amplitude of the oscillation after passing through the bump:
for kL << 1 6r 1 6flLipyc -= -r, 2 (1 -w;/yQ2)"*'
The perturbation 6Q causes a perturbation in the beam radius. In high-current beams, these perturbations rapidly phase mix, increasing the energy spread. The effective energy spread afer the radial perturbations phase mix is [29] which, when combined with the expression for the change in radius due to the magnetic pertubation, gives
This gives the relative energy spread due to a magnetic perturbation and the effect of beam density.
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